Background: To define the clinical target volume (CTV) for radiotherapy in patients with hepatocellular carcinoma (HCC). Methods: A prospective study was conducted to histologically evaluate the presence and the distance of microscopic extension (ME) for resected HCC on the basis of examination of whole-mount preparations of carcinoma tissue sections. Results: A total of 380 whole-mount slides prepared from tumor samples of 76 patients with HCC were examined. Patients with elevated pretreatment AFP levels exhibited higher risk of ME as compared to those with normal pretreatment AFP levels (93.9% vs. 69.8%, P < 0.01). ME positivity was 16.7% for Grade 1, 79.1% for Grade 2, and 96.3% for Grade 3 tumors (P < 0.01). The mean distance of ME was 0.0 ± 0.1 mm (range 0-0.2 mm) for Grade 1, 0.9 ± 0.9 mm (range 0-4.5 mm) for Grade 2, and 1.9 ± 1.9 mm (range 0-8.0 mm) for Grade 3 tumors (P < 0.01). Conclusions: The CTV margins for tumor Grades 1, 2, and 3 HCC, are recommended to be 0.2 mm, 4.5 mm, and 8.0 mm beyond the gross tumor margin, respectively, to account for possible ME of the tumors in all patients.
Background
Hepatocellular carcinoma (HCC) is the fifth most common malignancy and the third leading cause of cancer mortality worldwide [1] . It is estimated that in 2009, there will be 22,620 new cases of liver cancer and 18,160 related deaths in America [2] . It is the third most common cancer and the second leading cause of cancer-related death in China [3, 4] . The mainstay of therapy is surgical resection with a 5-year survival rate ranging from 30 to 70% [5, 6] . Unfortunately, less than 20% of HCC patients are eligible for surgery; surgery is ruled out in many patients because of inadequate liver function reserve, the multifocal nature of the disease, and the proximity to and/or involvement of vascular or biliary structures [7, 8] . Traditionally, the role of radiotherapy in the management of HCC has been limited by the low tolerance of the liver to radiation. However, recent advances in radiation techniques, such as threedimensional conformal radiation therapy (3D-CRT), intensity-modulated radiation therapy (IMRT), imageguided radiation therapy (IGRT), proton therapy, tumor-tracking, and respiratory gating techniques, have allowed the administration of high radiation doses to the primary tumor with sparing of the normal liver tissue [9, 10] . Thus, the use of radical radiotherapy for unresectable HCC has increased dramatically in recent years, and promising results have been achieved [11] [12] [13] . In a radiotherapy setting, a tissue volume inclusive of the subclinical lesions in addition to the gross tumor is defined as clinical target volume (CTV). Modern imaging techniques enable precise delineation of gross tumor volume (GTV); however, none of the available imaging techniques enable the detection of the actual distance of the microscopic extension (ME) of HCC. It has not been possible to clearly define the CTV of HCC. Taking ME into account, a margin of 1.0 to 1.5 cm is arbitrarily added to the GTV to obtain the CTV [11] [12] [13] . It remains to be ascertained whether this margin is adequate to cover ME in patients with HCC. A narrow margin is associated with the increased risk of local failure, while a generous margin results in increased radiation damage to normal tissues. Therefore, guidelines for the extent of ME to be included within the radiation volume would be very useful in clinical practice. In this prospective study, we histologically evaluated the ME of HCC using whole-mount slides that should allow for a more representative assessment of the ME by increasing the amount of tissue examined compared to routine small histopathologic slides and defined the CTV as precisely as possible.
Materials

Case selection
Between June, 2007, and March, 2009, we prospectively enrolled 76 patients with pathologically diagnosed HCC who underwent tumor resection at the Cancer Institute and Hospital, Peking Union Medical College and Chinese Academy of Medical Sciences (Beijing, China). The pretreatment evaluation for all patients consisted of a complete history taking, physical examination, serological tests to screen for hepatitis B virus (HBV) and hepatitis C virus (HCV), α-fetoprotein (AFP) assay, prothrombin time test (PT), complete blood counts, serum biochemical tests, abdominal computed tomography (CT) with arterial-and portal-venous-phase imaging or MRI, and chest radiography. The time scale from imaging studies and laboratory tests to surgery was within 3 weeks before surgery. The criteria for inclusion in this study were as follows: (1) resectable hepatic lesion with clinical stage I and II disease determined according to the American Joint Committee on Cancer (AJCC 2002); (2) radical resection with a margin ≥1 cm around the gross tumor; (3) detection of a single lesion without satellite nodules in the pretreatment CT or during the operation; (4) no history of previous treatment. The protocol was approved by the institutional review boards, and written informed consent was obtained from all the patients.
ME measurement
After fixation of the resected specimen in 13% neutral buffered formalin for ≥12 h, transverse sections were obtained with an average thickness of 10 mm, which were completely embedded in paraffin blocks. The paraffin blocks were cut into 4-μm-thick sections, and whole mount slides of these tissues were stained with hematoxylin and eosin (HE) and evaluated using a light microscope (Olympus BX40; Olympus, Tokyo, Japan). To avoid interobserver variations, the same pathologist (Xiaoli Feng) who particularly experienced in the assessment of hepatic lesions assessed all the slides and identified evidence of ME. ME was considered as positive if extension was detected microscopically, even if it was absent on imaging studies. If a tumor had multiple MEs, the longest distance between the tumor margin of the ME was recorded. ME was determined by light microscopy at a magnification of ×40 and was confirmed, if required, by examination at ×100 magnification.
The following features were recorded for each case: (1) ME status (positive versus negative), defined as positive if ME was identified; (2) ME distance, defined as the maximum linear distance from the capsular margin of the primary gross tumor to the farthest extent of the ME. We did not account for tissue shrinkage in this study because of the fixation of the tumor sections.
Statistical analysis
Statistical analysis was performed using SPSS version 11.0 statistical package (SPSS Inc., Chicago, IL). The clinical characteristics were analyzed using a chi-square test or Fisher's exact test (two-tailed) for categorical variables and logistic regression analysis for continuous variables. The Student's unpaired t test was used to determine the significance of the difference between the 2 sample means. The association of these characteristics with ME distance was analyzed using logistic or linear regression models. Multivariate analyses were performed using a multiple logistic regression model. A P value less than or equal to 0.05 was considered statistically significant.
Results
Patient characteristics
Patient characteristics and ME status are summarized in Table 1 . The median age at the time of operation was 53 years (range, 25-78 years). The median pretreatment AFP level was 13.1 ng/ml (mean, 1776.9 ng/ml; range, 1~50781 ng/ml). The median tumor size measured on enhanced CT was 5.0 cm (mean, 5.1 cm; range 1.6-10.2 cm) in the greatest dimension. Only 1 of the patients had Child-Pugh Class B cirrhosis, while the others had Child-Pugh Class A cirrhosis.
Factors associated with the presence of ME
In this study, the average number of slides for each patient investigated histologically was 5 (range 2-11 slides), and 380 slides of these tumor specimens were reviewed. Of the 76 patients with HCC, 61 (80.3%) patients had ME, and 15 (19.7%) patients did not have ME. As shown in Table 1 , factors associated with the presence of ME included pretreatment AFP level and tumor grade. Patients with elevated pretreatment AFP level (>25 ng/ml) exhibited higher risk of ME compared with those with normal pretreatment levels (93.9% vs. 69.8%, P < 0.01). ME was more frequently detected in high-grade tumors than in low-grade tumors. ME positivity was 16.7% (1/6) for Grade 1, 79.1% (34/43) for Grade 2, and 96.3% (26/27) for Grade 3 tumors (P < 0.01). The pretreatment hepatitis B surface antigen and hepatitis C virus antibody statuses; the serum levels of aspartate aminotransferase, alanine aminotransferase, γ-glutamyltransferase, total bilirubin, and albumin; platelet count; tumor size; tumor-node-metastasis (TNM) stage; and prothrombin time did not correlate with the presence of ME. On multivariate analysis, only tumor grade remained significantly and independently associated with ME positivity (P < 0.01).
Factors associated with ME distance
The ME distance for HCC are listed in Table 2 . Of the 76 patients, the median ME distance was 1.0 mm (mean, 1.2 mm; range, 0-8 mm). The majority (72/76, 94.7%) of patients had ME ≤ 3.5 mm, whereas 4 patients had ME of 4.5 mm (n = 2), 7.0 mm and 8.0 mm, respectively. Only the tumor grade was found to significantly correlate with the distance of ME (P < 0.01).
Of the 76 patients, 6 (7.9%) patients had tumors of Grade 1; 43 (56.6%), of Grade 2; and 27 (35.5%), of Grade 3. Figure 1 shows the relationship between tumor grade and the mean distance of ME, with higher grade tumors having a greater distance of ME. When evaluated by tumor grade, the distance (mean ± SD) of ME was 0.0 ± 0.1 mm (median, 0.0 mm; range 0-0.2 mm) for Grade 1, 0.9 ± 0.9 mm (median, 0.80 mm; range 0-4.5 mm) for Grade 2, and 1.9 ± 1.9 mm (median, 1.5 mm; range 0-8.0 mm) for Grade 3 tumors (P < 0.01). Figure 2 presents the cumulative distribution of the ME in patients with tumors of Grades 2 and 3. A comparison between the distributions of these 2 grades indicated that most of the Grade 2 (67.4%) and Grade 3 (66.7%) tumors had ME of 0.1-1.9 mm. Grade 1 tumors were not included in this analysis owing to the small number of patients with this tumor type, and 5 out of 6 patients did not have ME.
Discussion
Microscopic extension of the primary tumor plays a significant role in defining the CTV for radiotherapy. A quantitative pathologic assessment of subclinical tumor invasion from primary tumor or metastatic lymph nodes into adjacent tissues for planning externalbeam radiotherapy has been performed successfully for Abbreviations: HBsAg = hepatitis B surface antigen; HCV Ab = hepatitis C virus antibody; AFP = serum α-fetoprotein; AST = serum aspartate aminotransferase level; ALT = serum alanine aminotransferase level; GGT = serum γ-glutamyltransferase; BIL = serum total bilirubin level; PT = prothrombin time; NS = not significant.
some cancers, including head-and-neck, lung, skin, prostate, and bladder cancers [14] [15] [16] [17] [18] [19] [20] [21] [22] . There are few relevant data available for hepatocellular carcinoma [23] . To our knowledge, this is the first prospective study to evaluate the ME of tumors using whole-mount preparations in patients with hepatocellular carcinoma. The present study showed that ME occurred more frequently among patients with an elevated AFP level than those with normal AFP levels. The tumor grade is significantly associated with both the presence and the extent of ME. Developments in radiation techniques have enabled the safe delivery of dose-escalated conformal radiation to a wide spectrum of patients with inoperable HCC. Several studies have shown an improved response and survival rates with the administration of a high radiation dose in these patients [12, [24] [25] [26] . The University of Michigan conducted a phase I/II trial of 128 patients with unresectable intrahepatic malignancies receiving 
Figure 1
Correlation between tumor grades and the mean distance of microscopic extension (ME). Figure 2 Cumulative distribution of microscopic extension (ME) according to tumor grade. Grade 1 was not included in this analysis due to the small number of patients with tumors of this grade, and 5 out of 6 patients did not have ME.
3D-CRT and concurrent hepatic arterial infusion of floxuridine. Patients who received a dose ≥75 Gy had significantly higher survival rates compared to those receiving a dose of <75 Gy (23.9 months vs. 14.9 months, P < 0.01) [24, 27] . Similarly, Park et al. and Seong et al. reported the results of a study on 158 HCC patients classified with Child-Pugh class A or B liver disease, who were prescribed radiation doses of 25-60 Gy in daily fractions of 1.8-Gy [25, 28] . The total radiation dose was found to be the only significant factor in predicting tumor response and survival. Other studies have also reported that the radiation dose appeared to be a significant prognostic factor in radiation response of patients with HCC [11, 12, 26] . However, the treatment benefits observed with increased radiation doses come at a cost because toxicity risks increase proportionally with the increases in radiation dose and large treatment volume [25] . Even in 3D-CRT or IMRT, the dose delivery for the disease is limited by the sensitivity of liver tissue to ionizing radiation. Therefore, in the case of high-dose 3D-CRT or IMRT for HCC treatment, the adequate treatment of the tumor, including the primary tumor and subclinical lesions and the radiation tolerance of the healthy surrounding tissue need to be balanced well. In other words, it is very important to estimate the microscopic extension as accurately as possible. Unfortunately, there was no precise definition of the optimal CTV margins; therefore, no optimal treatment plan for patients with HCC has been defined. Several previous studies have used a margin of 1.0 cm to 1.5 cm from the GTV to determine the CTV; this estimation of the margin is largely empirical and mainly left to the discretion of the physician. In this study, the majority (94.7%) of patients with HCC had ME ≤ 3.5 mm, and the extent of ME depended on the tumor grade. Only 4 of 76 patients had ME > 4.0 mm beyond the GTV. The CTV margins of 0.2, 4.5, and 8.0 mm beyond the gross tumor would have been adequate to cover all the ME observed in this study for tumor Grades 1, 2, and 3, respectively, in all patients with HCC. Similarly, Wang et al retrospectively reviewed 300 slides from tumor samples of 149 patients with HCC using routine histopathologic preparations and recommended GTV-to-CTV expansions of 4 mm with 100% accuracy [23] .
The level of serum AFP is associated with both survival and intrahepatic recurrence for HCC [29] [30] [31] [32] . Montorsi et al. reported that the level of AFP is an independent predictor of disease recurrence in patients with HCC [31] . Imamura et al. revealed that a serum AFP level ≥32 ng/ml contributed to early intrahepatic recurrence of HCC after hepatectomy [32] . These findings were supported by the outcome of our study, in which a high prevalence of ME was noted in patients with an elevated AFP level. A previous study confirmed that the extent of microinvasion of HCC was correlated with high AFP levels [23] . However, elevated AFP levels were not associated with the distance of the ME in our study, this finding requires validation with larger patient numbers. Other studies suggest that serum AFP level probably reflects the degree of cellular differentiation, and thus, the extent of the tumor invasion [33] [34] [35] [36] . Interestingly, the presence and extent of ME of prostatic carcinomas have also shown to correlate with increased PSA levels in patients with early stages of prostate cancer [17, 18] .
High 3) tumor differentiation is an independent predictor of recurrence after resection of HCC [37] . Cucchetti et al. analyzed the prognostic factors of recurrence after resection of HCC; the results showed that poorly differentiated and undifferentiated tumors have a higher recurrence rate (54%) than well-differentiated and moderately differentiated tumors (25%; P = 0.015) [38] . Wayne et al. also demonstrated that tumor grade is a risk factor for HCC recurrence after resection [39] . Our data indicated that tumor grade was significantly associated with both the presence and extent of ME. Similarly, other studies revealed a significant correlation between the extent of extracapsular extension and higher Gleason scores in prostate cancer patients [17, 18, 40] . These data may partially explain why tumor recurrence was more frequent in patients with high-grade tumors than in those with low-grade tumors.
In this series, no correlation was observed between tumor size and extent of ME in HCC, which is consistent with the findings of other studies focusing on the extent of ME in metastatic lymph nodes and primary lung cancers [15, 21] . These correlations of the extent of ME with the pathological features of the tumor and not the tumor size signify that ME may be related to the biological characteristics of the primary tumor. In contrast, a correlation between tumor size and the presence or extent of microinvasion was observed in a previous study of 149 patients with HCC [23] . Therefore, the correlations of the extent of ME with the tumor grade or the tumor size are needed to be further validated in the near future. This is only a prospective study to evaluate microscopic extension using whole-mount preparations of HCC; however, our study has some potential limitations. First, the slides of specimens were only representative 2-dimensional sections of the resected tumor and may not really illustrate the ME in 3 dimensions. Some ME measurements may have been slightly underestimated.
Second, sampling error was a possibility as there were a median of 5 slides examined per patient. Third, this study addressed histologic data, not radiographic. So even though ME was found beyond the histologically visible gross disease, this does not necessarily relate to the CTV and GTV, as used in radiation therapy, which are radiographically based definitions. Fourth, tissue shrinkage was not taken into consideration in this study. In a well-designed analysis of patients with prostate cancer, Schned et al. observed only 4.3% linear tissue shrinkage between the microscopic slide and the fresh specimen [41] . From a volumetric standpoint, it can be postulated that tissue shrinkage is lesser in HCC than in prostate cancer, owing to the presence of smooth muscles in the prostate gland and the absence of myofibroblastic cells in the liver parenchyma and neoplasms. Thus, it can be assumed that tissue shrinkage may be much smaller, perhaps even negligible.
Conclusions
In summary, our clinicopathologic analysis indicated that the incidence of ME positively correlated with elevated AFP levels and high grades of tumor and that the extent of ME appears to be related only to the tumor grade. Although the optimal CTV of HCC remains undefined, it is reasonable to recommend CTV margins extending to ≤8 mm beyond the GTV for all tumor grades in patients with HCC.
